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Xnot-2 is a homeobox gene expressed in Spemann's organizer. Here we present evidence that microinjection of synthetic
Xnot-2 mRNA leads to the formation of notochord. Microinjection into the dorsal side of the Xenopus embryo results in
greatly expanded notochords. Nearby somitic and prechordal mesoderm becomes recruited into these enlarged notochords,
which also affect CNS patterning. Two early genes expressed in the developing notochord, chd and XFKH-1, are activated
by Xnot-2. We conclude that gain-of-function of Xnot-2 promotes notochord formation. q 1996 Academic Press, Inc.
INTRODUCTION process. These two types of experiment should complement
each other but in practice discrepancies, perhaps due to
redundancies in the function of organizer gene networks,The dorsal lip of the amphibian blastopore, the Spemann
organizer, has potent inductive activities and has been a have been observed (reviewed in De Robertis, 1995).
focus of interest for embryologists. Several genes expressed Xnot was isolated as a homeobox gene expressed initially
speci®cally in the Xenopus organizer have been isolated. in the organizer and later in the notochord, posterior ¯oor
These include the homeobox containing genes goosecoid plate, and dorsal endoderm and was used in a detailed study
(gsc), Xlim-1, Xnot, Xnot-2, and Siamois (Cho et al., 1991; of how the organizer is formed (von Dassow et al., 1993).
Taira et al., 1992; von Dassow et al., 1993; Gont et al., Xnot-2 was cloned as a cDNA expressed in the Xenopus
1993; Lemaire et al., 1995) and a transcription factor which egg, shown to have a similar expression pattern to Xnot,
belongs to the fork head/HNF3-b family, XFKH-1/Pintal- and was used as a marker to study the formation of the
lavis (Dirksen and Jamrich, 1992; Ruiz i Altaba et al., 1993). postanal tail (Gont et al., 1993). Xnot and Xnot-2 are 90%
The organizer also expresses the secreted factors noggin, identical overall in amino acid sequence and because Xeno-
follistatin, chd, and xNR-3, which have signaling activity pus is a pseudotetraploid organism, they could represent
and may mediate the inductive properties of the organizer duplicated forms of the same gene, although the two amino
(Smith and Harland, 1992; Hemmati-Brivanlou et al., 1994; acid changes found in the homeodomain could also be con-
Sasai et al., 1994; Smith et al., 1995). With so many genes sidered to indicate that they are in fact different genes.
involved, it is important to determine what their biological
In the present study we show that overexpression of Xnot-
activities and interactions are. Gain-of-function studies,
2 in Xenopus embryos leads to the formation of notochord.
carried out principally by mRNA injections into Xenopus
Microinjection of Xnot-2 mRNA into the dorsal side of earlyembryos, establish whether a gene product is suf®cient to
embryos results in greatly expanded notochords whereascarry out a particular function of the organizer. Loss-of-
injection into the ventral side can produce ectopic patchesfunction studies, carried out mainly by gene targeting in
of notochord tissue. Taken together with a recent loss-of-the mouse, establish whether a gene is required for a speci®c
function study on zebra®sh carrying a mutated Xnot homo-
logue (Talbot et al., 1995), these results suggest that Xnot
homeodomain proteins play a fundamental role in the for-1 Present address: Department of Cellular Biochemistry, Hebrew
University-Hadassah Medical School, Jerusalem 91120, Israel. mation of the notochord.
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TABLE 1
Effects of Xnot-2 Injection on Notochord Formationa
Normal Two or more Expanded Abnormalb
No. n notochords notochords notochords gastrulation
Sample Expts. Embryos (%) (%) (%) (%)
Xnot-2 dorsal 5 71 8 24 45 23
Xnot-2 lateral 3 31 0 35 48 16
Xnot-2 ventral 6 82 24 36 21 18
lacZ dorsal 4 18 80 0 0 20
lacZ ventral 4 27 100 0 0 0
a Notochord location and structure after injection of 200 pg/embryo of pSPXnot-2 mRNA into two adjacent sites ¯anking cleavage
furrows of 4-cell embryos with strong dorsoventral polarity (see Materials and Methods). Embryos were harvested 2 days after injection
and stained with MZ15 to identify notochord. Embryos having a notochord separated from the primary one were scored as having two
or more notochords even if the ectopic notochords eventually joined the primary notochord.
b Embryos with abnormal gastrulation result from injection artifacts common in Xenopus. Some had shortened axes (but with notochords
of normal size) and others spina bi®da. These abnormalities are not considered signi®cant; for example 10% of Xnot-2 injected embryos,
14% of lacZ injected embryos, and 4% of uninjected embryos had spina bi®da.
To detect transcripts in embryos, the whole-mount in situ hy-MATERIALS AND METHODS
bridization protocol was as described for digoxygenin-labeled anti-
sense RNAs generated by in vitro transcription of XFKH-1 (digestedThe Xnot-2 construct used for microinjection (pSPXnot-2) con-
with BamHI and transcribed with T7 RNA polymerase, a kind gifttained the full-length coding sequence of Xnot-2 cloned in frame
of Milan Jamrich, U.S. Food and Drug Administration) or of chordininto the b-globin 5* leader 3* trailer and was prepared by polymerase
cDNA (Sasai et al., 1994).chain reaction of Xnot-2 cDNA using oligonucleotide primers
CCGTCGACCTACAGTTCCACATC and CCCCATGGTACA-
CAGCCCTGTGT, digesting the product with NcoI and SalI, and
subcloning into NcoI and SalI digested pSP35T (Krieg and Melton, RESULTS AND DISCUSSION
1984; Amaya et al., 1991). Xnot-2 RNA from pSPXnot-2 (linearized
with SalI), prolactin control RNA from pSP35T (Amaya et al., To investigate notochord formation by Xnot-2 we gener-
1991), or lacZ mRNA from pCDM8-lacZ (Sasai et al., 1994) were ated an expression construct containing Xenopus b-globin
synthesized and capped in vitro according to the manufacturer's
5* leader and 3* trailer sequences. Preliminary pSPXnot-2instructions using the Megascript Kit and a 4:1 cap analog to GTP
mRNA microinjections into the ventral region of 4- or 8-ratio. RNA concentrations were estimated by comparison with the
cell embryos did not show striking phenotypes by externalintensity of ethidium bromide-stained RNA ladder (BRL) and were
examination. However, a few embryos appeared to havetitrated at twofold dilutions. Injection of 4 nl of 25 mg/ml RNAs
usually gave a better than 75% survival rate. Embryos were fertil- secondary axes (less than 2%, a frequency not considered
ized in vitro, and if desired, 4-cell stage embryos showing the ®rst signi®cant). Because these contained secondary notochords
cleavage plane bisecting the less pigmented dorsal area were se- (Fig. 1A), a more extensive series of injections was carried
lected (Cho et al., 1991). These embryos were injected into two out and the resulting tailbud embryos were analyzed by
sites close to the cleavage furrow separating two adjacent blasto- staining with the notochord marker MZ15.
meres with synthetic mRNAs for pSPXnot-2, lacZ control, or pro- Regularly cleaving embryos were injected into two adja-
lactin control, to generate the dorsally, ventrally, or laterally in-
cent sites ¯anking the cleavage furrows at the 4-cell stagejected embryos shown in Table 1. For lineage tracing studies single
(Cho et al., 1991) with 100 pg of pSPXnot-2 mRNA. Asblastomeres were injected at the 8-cell stage. Embryos were trans-
shown in Figs. 1B and 1C, embryos with greatly expandedferred to 11 modi®ed Barth's saline (MBS) for injection and 30
notochords resulted. Enlarged notochords were preferen-min after microinjection transferred to 0.11 MBS and allowed to
develop to the desired stage before manual dechorionation and ®x- tially observed when injection was targeted to dorsal or
ation in Dent's ®xative prior to antibody analysis. The MZ15 (a lateral blastomeres (Table 1). When ventral blastomeres
gift of Fiona Watt, ICRF, London), 12-101 (obtained from Develop- were injected, one or more ectopic small patches of noto-
mental Studies Hybridoma Bank), and anti-Xenopus N-CAM (a gift chord were observed (Fig. 1D; Table 1). In addition, a num-
of C. M. Chuong, University of Southern California) antibodies ber of ventrally injected embryos (Table 1) had normal noto-
were used at dilutions of 1:300, 1:20, and 1:10,000, respectively. chords, suggesting that components in the dorsal side of the
For UV rescue studies, UV treatments were carried out as described
embryo may cooperate with Xnot-2 mRNA to produce the(Cho et al., 1991) for 60 sec and the embryos injected into one single
enlarged notochord phenotype. When lateral blastomeresor two diagonal blastomeres at the 4- to 8-cell stage. After injection
were targeted, high frequencies of both expanded and multi-of pSPXnot-2 mRNA into single blastomeres of UV-treated embryos,
ple notochords were produced (Table 1). Embryos injectedembryos were allowed to develop and were analyzed by whole mount
immunohistochemistry using the MZ15 antibody. with control lacZ mRNA had normal notochords (Table 1).
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FIG. 1. The Xnot-2 gene induces notochordal tissue. (A) One of the very few secondary axes resulting after ventral injection of pSPXnot-
2 mRNA showing a second notochord. (B and C) Embryos injected dorsally into two adjacent blastomeres at the 4-cell stage with pSPXnot-
2 mRNA and stained for notochord with MZ15. Note the enlarged notochords; some extend to the anterior end of the embryo. A control
embryo (injected with prolactin mRNA) is shown on top of C. (D) Embryo injected ventrally at the 4-cell stage with pSPXnot-2 showing
a stretch of ectopic secondary (27) notochord. (E and F) Reduced muscle tissue (arrow) is observed on one side of an embryo injected with
200 pg/embryo of pSPXnot-2 mRNA (F), but not in uninjected controls (E). These embryos are from the same experiment shown in B and
C. (G and H) Sagittal histological sections of control (prolactin mRNA injected) (G) or of an embryo with expanded notochord (H).
Notochord was stained with MZ15 before sectioning and staining with light green. Injection of pSPXnot-2 mRNA causes a loss of the
prechordal mesoderm and its replacement by notochord. After injection (H), the cephalic ¯exure is missing, a single ventricular cavity is
present, and the morphology of the CNS is altered; pcm, prechordal mesoderm; pe, pharyngeal endoderm; fb, forebrain; hb, hindbrain; ad,
aqueduct connecting the third and fourth ventricles. (I) N-CAM staining of pSPXnot-2 mRNA injected embryo (bottom) and of a control
embryo (top) analyzed at stage 39. Note that the brain has a single ventricular cavity and that N-CAM staining is more intense in the
CNS of the injected embryo. In this extreme case eyes are missing. (J) pSPXnot-2 and lacZ mRNAs coinjected into UV-treated embryos
and analyzed at control stage 30. The rescued notochord is stained in brown by MZ15 and b-galactosidase activity (lineage) is in light
blue. Note that the injected cells (arrowheads) populate the notochord, particularly in its posterior region that is still MZ15 negative; no,
notochord. (K) Lineage tracing (blue) indicates that in wild-type embryos Xnot-2 mRNA injection leads to the adoption of notochordal
cell fate. When sectioned (L), the lineage label was found principally in the expanded notochord of this ventrally injected embryo. (L)
Cells injected with Xnot-2 and lacZ mRNAs contribute to the expanded notochord after ventral injection into wild-type embryos. The
lineage label can be seen in the enlarged notochord (no) and in the ventral spinal cord (sc). (M and N) Chordin mRNA expression (analyzed
by in situ hybridization) is induced in the early neurula stage embryo ventralized by UV treatment after diagonal injection of pSPXnot-2
mRNA at the 8-cell stage (N). The two lines of expression suggest that cells undergo convergence and extension movements after pSPXnot-
2 mRNA injection. Chordin expression is absent in the UV-treated control embryo (M). (O and P) XFKH-1 mRNA expression analyzed
by in situ hybridization is expanded in early neurula stage embryos after injection of pSPXnot-2 mRNA into the 4-cell stage embryos (P).
Compare this with the narrow wild-type XFKH-1 expression in midline structures (O).
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It is important to note that upon external examination the staining; see arrowheads in Fig. 1J. When similar lineage
tracing experiments were carried out in wild-type embryos,embryos with enlarged notochords appear relatively normal
and that the phenotypes only become apparent when noto- the injected cells were found to contribute principally to
the expanded or ectopic notochords (and to a smaller degreechordal markers such as MZ15 are utilized.
To investigate the effect of the enlarged notochord on to ventral neural tissue) even after ventral or lateral injec-
tions (Figs. 1K and 1L). Thus, Xnot-2 mRNA leads to theadjoining tissues, embryos injected with pSPXnot-2 mRNA
were stained with a muscle-speci®c antibody marker. Em- adoption of notochordal cell fate by the injected cells.
To test whether Xnot-2 is able to activate regulatorybryos with enlarged notochords consistently had less mus-
cle, usually on one side, suggesting that extra notochord genes possibly involved in notochord formation during gas-
trulation, we examined its effect on the expression oftissue is formed at the expense of myotome precursor cells
(arrow in Fig. 1F). This reduction in somitic muscle was chordin and XFKH-1. Chordin is a dorsalizing factor se-
creted by the notochord that can be activated by goosecoidobserved in 69% of embryos injected dorsally (n  16). We
next analyzed the effect of Xnot-2 mRNA on prechordal and Xnot-2 in wild-type Xenopus embryos (Sasai et al.,
1994). We now show that in UV-treated embryos (whichplate formation by histology. The notochord in Xenopus
usually ends in a characteristic anterior hook that points lack an organizer and therefore chd expression) diagonal
injections of Xnot-2 result in two stripes of chd expressionventrally at the level of the cephalic ¯exure of the brain,
with prechordal mesoderm being found between it and the at early neurula, the shape of which suggests that the Xnot-
2 homeodomain protein is able to initiate convergence andcement gland and pharyngeal endoderm (Fig. 1G). In em-
bryos injected dorsally with Xnot-2 mRNA the expanded extension movements during gastrulation (Figs. 1M and
1N). The Xenopus XFKH-1/Pintallavis gene is expressed innotochord extends anteriorly almost to the anterior epider-
mis, and ventrally it contacts the underlying pharyngeal the notochord and ¯oor plate. In Xenopus gain-of-function
experiments it is able to ventralize the roof plate of theendoderm (Fig. 1H). In other words, the prechordal meso-
derm is absent and is replaced by notochordal tissue. In the midbrain, with little effect on the notochord (Ruiz i Altaba
et al., 1993). In the mouse, targeted inactivation of itsmost severely affected embryos the cement gland is missing
(Fig. 1H). In embryos with enlarged notochords, the mor- HNF3-b homologue results in loss of notochord and other
axial structures (Ang and Rossant, 1994; Weinstein et al.,phology of the central nervous system is grossly affected.
The cephalic ¯exure disappears, a single ventricular cavity 1994), suggesting that this family of genes may play a role in
notochord development. Microinjection of Xnot-2 mRNAis observed in the brain (Fig. 1H), and eyes are missing in
the most extreme cases (Fig. 1I). Staining with a neural resulted in the expansion of the region XFKH-1 expression
at the midneurula stage (Figs. 1O and 1P).speci®c marker con®rms these malformations and shows a
more intense staining for N-CAM in the CNS (Fig. 1I). Thus,
injection of Xnot-2 mRNA not only causes an increased
amount of notochordal tissue, but also affects neighboring CONCLUSION
tissues.
Xenopus embryos treated with ultraviolet light (UV) be-
We have provided evidence that in gain-of-function exper-fore ®rst cleavage are ventralized and lack notochords
iments Xnot-2 mRNA promotes notochord formation in(Smith and Harland, 1992). To test whether Xnot-2 can res-
Xenopus embryos. This function may be mediated by thecue dorsal structures, single blastomeres of UV-treated em-
activation of regulatory genes such as chordin and XFKH-bryos were injected in the marginal region with increasing
1/Pintallavis. The loss-of-function phenotype of a zebra®shamounts of pSPXnot-2 mRNA. Notochord formation, as-
homologue of Xnot has recently been determined (Talbotsayed by MZ15 staining, was rescued in a high proportion
et al., 1995). This gene encodes the ¯oating head mutation,of the embryos, as shown in Fig. 1J. The frequencies of
in which the notochord is missing. Thus, although therenotochord formation in UV treatments were as follows: 4%
are discrepancies between the gain-of-function and loss-of-of uninjected embryos had a patch of notochord tissue (n 
function phenotypes for a number of other organizer speci®c27); 27% of embryos injected with 25 pg of pSPXnot-2
genes (e.g., above discussion of XFKH-1/HNF3-b and DemRNA had notochords (n  11); 57% of embryos injected
Robertis, 1995), the case of the Xnot homologues appearswith 50 pg of pSPXnot-2 mRNA had notochords (n  21);
to be relatively simple: they are determinants of noto-and 83% of embryos injected with 100 pg of pSPXnot-2
chordal fate.mRNA had notochords (n 30). All rescued embryos lacked
anterior structures such as eyes and cement glands. In UV-
treated embryos injected diagonally with Xnot-2 RNA, two
separate notochords could be found (not shown). When ACKNOWLEDGMENTS
Xnot-2 was coinjected with lacZ mRNA (into a marginal
zone blastomere at the 16-cell stage) to trace the lineage We thank Bin Lu, Yoshiki Sasai, and Tewis Bouwmeester for
of the injected cells, b-galactosidase activity was found to advice and Anatalia Cuellar for technical assistance. This work
contribute to the notochord, particularly to the posterior was supported by the NIH (HD21502-10). E.D.R. is an Investigator
of the Howard Hughes Medical Institute.notochord where the signal is not quenched by the MZ15
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8144 02-05-96 10:39:35 dba Dev Bio
178 Rapid Communication
Ruiz i Altaba, A., Cox, C., Jessell, T. M., and Klar, A. (1993). EctopicREFERENCES
neural expression of a ¯oor plate marker in frog embryos injected
with the midline transcription factor Pintallavis. Proc. Natl.
Acad. Sci. USA 90, 8268±8272.Amaya, E., Musci, T. J., and Kirschner, M. W. (1991). Expression
Sasai, Y., Lu, B., Steinbeisser, H., Geissert, D., Gont, L. K., and Deof a dominant negative mutant of the FGF receptor disrupts
Robertis, E. M. (1994). Xenopus chordin: A novel dorsalizing fac-mesoderm formation in Xenopus embryos. Cell 66, 257 ±270.
tor activated by organizer-speci®c homeobox genes. Cell 79, 779 ±Ang, S. L., and Rossant, J. (1994). HNF-3b is essential for node and
790.notochord formation in mouse development. Cell 78, 561 ±574.
Smith, W. C., and Harland, R. M. (1992). Expression cloning ofCho, K. W. Y., Blumberg, B., Steinbeisser, H., and De Robertis,
noggin, a new dorsalizing factor localized to the Spemann orga-E. M. (1991). Molecular nature of Spemann's organizer: The role
nizer in Xenopus embryos. Cell 70, 829±840.of the Xenopus homeobox gene goosecoid. Cell 67, 1111±1120.
Smith, W. C., McKendry, R., Ribisi, S., Jr., and Harland, R. M.De Robertis, E. M. (1995). Dismantling the organizer. Nature 374,
(1995). A nodal-related gene de®nes a physical and functional407±408.
domain within the Spemann organizer. Cell 82, 37±46.Dirksen, M. L., and Jamrich, M. (1992). A novel, activin-inducible,
Taira, M., Jamrich, M., Good, P. J., and Dawid, I. B. (1992). Theblastopore lip-speci®c gene of Xenopus laevis contains a fork
LIM domain-containing homeobox gene Xlim-1 is expressed spe-head DNA-binding domain. Genes Dev. 6, 599±608.
ci®cally in the organizer region of Xenopus gastrula embryos.Gont, L. K., Steinbeisser, H., Blumberg, B., and De Robertis,
Genes Dev. 6, 356±366.E. M. (1993). Tail formation as a continuation of gastrulation:
Talbot, W. S., Trevarrow, B., Halpern, M. E., Melbry, A. E., Farr,The multiple cell populations of the Xenopus tailbud derive from
G., Postlewait, J. H., Jowett, T., Kimmel, C. B., and Kimelman,the late blastopore lip. Development 119, 991±1004.
D. (1995). A homeobox gene essential for zebra®sh notochordHemmati-Brivanlou, A., Kelly, O. G., and Melton, D. A. (1994).
development. Nature 378, 150±157.Follistatin, an antagonist of activin, is expressed in the Spemann
von Dassow, G., Schmidt, J. E., and Kimelman, D. (1993). InductionOrganizer and displays direct neuralizing activity. Cell 77, 283±
of the Xenopus organizer: Expression and regulation of Xnot, a295.
novel FGF and activin-regulated homeobox gene. Genes Dev. 7,Krieg, P. A., and Melton, D. A. (1984). Functional messenger RNAs
355±366.are produced by SP6 in vitro transcription of cloned cDNA. Nu-
Weinstein, D., Ruiz i Altaba, A., Chen, W. S., Hoodless, P., Prezi-cleic Acids Res. 12, 7057±7070.
oso, V. R., Jessell, T. M., and Darnell, J. E., Jr. (1994). The winged-Lemaire, P., Garrett, N., and Gurdon, J. B. (1995). Expression clon-
helix transcription factor HNF-3b is required for notochord devel-ing of Siamois, a Xenopus homeobox gene expressed in dorsal-
opment in the mouse embryo. Cell 78, 575±588.vegetal cells of blastulae and able to induce a complete secondary
axis. Cell 81, 85 ±94. Received for publication October 23, 1995
Accepted December 19, 1995
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8144 02-05-96 10:39:35 dba Dev Bio
